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ABSTRACT
The eastern coast of USA, including the Gulf of Mexico (GOM), is more prone
to tsunamis caused by submarine landslides than earthquakes. The Tsunami Hazard
Assessment research program lead by ten Brink, 2009, reported the presence of an-
cient submarine landslides deposit in the GOM dating back to the post glacial period
which indicates that there is a likelihood for tsunami events in the future. In fact, the
GOM has some of the largest submarine landslides when compared to landslides off
the coast of Oregon, central California and New Jersey. Moreover, the high popula-
tion density and the ongoing industrial development in the GOM, makes it necessary
to assess the hazard and develop mitigation plans that involve the development of
inundation map, education, early warning and evacuation plans. Specifically in the
GOM, assessing the tsunami hazard is to develop tsunami inundation map to identify
potential submarine landslide sources, either by using a probabilistic approach or a
deterministic approach that uses worst case landslide-tsunami scenarios. A prob-
abilistic approach in the GOM is more suited due to the lack of earlier records of
tsunami caused by submarine landslides. Thus the probabilistic model can mimic or
create tsunami scenarios based on distribution of physical and geometrical variables
involve in the landslide-tsunami mechanisms. Monte Carlo Simulation (MCS) is the
tool used to generate random variables under certain distribution, and the MCS
Model for the GOM generates a large number of submarine landslides with random-
ized parameters (like location, runout length, depth, headscarp height, width, slope
etc.) capable of producing tsunamis. Parameter results are validated to verify if
their distribution follow the same distribution from observed landslide events.
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1. INTRODUCTION
Tsunami is a series of water waves that are generated as a result of earthquakes,
volcanic eruptions, submarine landslides and rarely due to the impact of cosmic bod-
ies (example asteroids, meteorites) in the ocean which results in displacement of large
volume of water. The waves thus generated have a large wavelength and a small wave
height and as they propagate to the shoreline, where the water depth is shallow, the
wavelength reduces and the wave height increases, thereby breaking the wave and
resulting in the inundation of the near shore area. Tsunamis are known to cause
great threat to the life and property of the coastal communities. Submarine land-
slides are one of the triggering mechanisms that cause tsunamis. The potential for
the occurrence of tsunamis by submarine landslides were recognized more than hun-
dred years back by Milne (1886), but prior to the Papua New Guinea tsunami, most
of the tsunamis were thought to be caused due to earthquake sources (Hammack,
1972) . This was mainly due to the fact that there was difficulty in understand-
ing the mechanisms responsible for the occurrence of submarine landslides, in many
cases they were thought to be caused by the same trigger mechanisms-earthquake.
But the Papua New Guinea Tsunami of 1998 resulted from an earthquake of mag-
nitude 7.0 that took place 25 km off the coast of Aitape, which in turn triggered a
landslide-tsunami. The tsunami caused about 2100 deaths, injured thousands, left
about 9500 people homeless, and about 500 missing Synolakis (2002). The max-
imum wave height was estimated at 15 m (59 ft), with an average height of 10m
(∼33 ft). Since then, extensive studies have been performed on submarine landslides
that cause tsunamis commonly known as tsunami-genic landslides. According to the
NGDC Tsunami Event Database NOAA (2008), 73 of the 2275 tsunamis that oc-
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curred around the world were caused due to submarine landslides and around 83 % of
them, are confirmed to be triggered by earthquakes. In the United States extensive
work on tsunamis are being continuously done for the various coastal communities
around the United States, so that the hazards can be mitigated. In region where
tsunami historical records are limited a common technique is accomplished by using
a probabilistic approach. For eastern coast a pioneer study on tsunamis using proba-
bilistic techniques is carried out by Grilli (2009) and similarly in the western coast the
studies about probabilistic tsunamis are performed by Gonza´lez (2009).This study in
the GOM has been carried out with the assistance of Dr. Yoshinori Shigihara (Na-
tional Defense Academy of Japan) and Dr.Juan Horrillo (TexasA&M Galveston).
The mitigation plan for a tsunami involves a number of steps like the development
of a tsunami inundation map which may guide the safety managers to make an
evacuation plan, educate the people, etc.
The eastern coast of USA, including the Gulf of Mexico (GOM), is more prone
to tsunami-genic landslides than the tsunamis caused by earthquakes.A preliminary
2- D modeling done by Knight (2006) indicated that the sources outside the Gulf
are not expected to pose a threat to coastal communities in the GOM. The Tsunami
Hazard Assessment Group research program lead by ten Brink (2009), reported the
presence of ancient submarine landslides deposit (Figure 1.1) in the GOM dating in
the post glacial period which indicates that there is a likelihood for tsunami events
in the future. In fact, the GOM has some of the largest submarine landslides when
compared to landslides off the coast of Oregon, central California and New Jersey
McAdoo (2000). Moreover, the population density and the ongoing industrial devel-
opment in the GOM, makes it necessary to assess the hazard and develop mitigation
plans.
The first step in the tsunami hazard mitigation is the generation of tsunami
2
Figure 1.1: Bathymetry of the GOM showing the footprint presence of three large
submarine landslides East-Breaks landslide, Mississippi Canyon and West Florida
landslides in the red-dashed rectangles, Amante (2009).
inundation map which involves the identification of sources of submarine landslides.
Hence a study Horrillo (2010) was done to know the extent of damage that could
be caused by the existing submarine landslides like East Breaks, Mississippi Canyon
and West Florida, which were identified by ten Brink (2009) and located as shown
in the Figure 1.1. The estimation of the inundation elevation and the momentum
flux caused by these submarine landslides indicate that they are capable of causing
several damages to the coast of GOM. The study based on Port Aransas lying on
the coast of GOM Horrillo (2010) indicated that the recurrence of such landslides
can cause an average water elevation of 7-13 feet. But the construction of tsunami
inundation map with the historical landslides will not give details about any future
hazard associated with a recurrence or probability. Hence we need to identify sources
3
of submarine landslides that have a possibility of occurrence in the future.
In tsunami computational science, a deterministic approach can be used only
if the input is known, and consequently, the output produced is always the same.
But in a probabilistic approach the use of some degree of randomness in the physical
variables involved is a part of the holistic approach. Hence the assessment of tsunami
in the GOM can be done either by using a probabilistic approach Lynett (2012); Grilli
(2009); Gonza´lez (2009) or deterministic approach Priest (2009) that uses worst case
landslide-tsunami scenarios. A probabilistic approach for identification of landslide
sources is more suited in the GOM due to the lack of earlier records of tsunamis
caused by submarine landslides. Monte Carlo Simulation (MCS) is the tool that is
used in the probabilistic approach to generate random variables confined or limited
under certain distribution; and it is also used in solving problems that have aleatory
or cognitive uncertainties Ang (2007).
This thesis discusses the identification of landslide tsunami sources in the GOM,
using a probabilistic model developed with MCS, the results of which can be used
later for creating tsunami inundation maps for the GOM. The chapter 2 and 3 in this
thesis elaborates the theory and the methodology used to develop the probabilistic
model. The results obtained from the model are listed under chapter 4. Every step
in the probabilistic model is validated and the validation for the model is discussed
in chapter 5. The chapter 6 and 7 gives the conclusion and the scope of future study.
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2. BACKGROUND
The common triggering mechanisms of submarine landslides that results in tsunami
are earthquakes, slope over steepening, overpressure due to rapid deposition of sed-
iments, presence of weak soil layers, wave loading on sea bottom by storms or hur-
ricanes, build up of excess pore water pressure gas hydrate dissociation by change
of temperature or pressure, ground water seepage (Hampton and Locat,1996). The
study of submarine landslides is continued in the shelf break which is located be-
tween the abyssal plain and the continental shelf. Figure 2.1 shows the isobath and
shelf break of the GOM.The shelf break is a continental slope which is largely formed
by the deposition of sediments carried down by the existing and ancient rivers. As
the deposition of sediment at the slope increases, it becomes unstable which in turn
results in the failure of slope.
The submarine landslides are also caused when the soil sediments on the slope
are affected by a seismic activity that takes place underneath the water body.The
Figure 2.2 shows the slope in the Gulf of Mexico that is determined by using Arc GIS
10 using the ‘slope’ tool. In the GOM, as seen from the Figure 2.2 the continental
slopes are very gentle mostly ranging from 1 to 5 degrees. Under this consideration
the most probable occurrence of a submarine landslide is one that is caused by
earthquake or seismic activity. Therefore this study is based on submarine landslides
that are triggered by a seismic activity.
2.1 Submarine Landslides in the Gulf of Mexico
A morphometric study of the submarine landslides in the GOM was done by
McAdoo et al. (2000), wherein they identified the submarine landslides in various
locations off the coast of United States using multibeam bathymetry and GLORIA
5
Figure 2.1: Bathymetry of GOM showing the variation and the contours of depth
Figure 2.2: Bathymetry of GOM showing the slope at the continental shelf.
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side scan survey. Thus important aspects of the submarine landslides like the loca-
tion, area, depth of headscarp, runout length, width, unfailed adjacent slope, slide
volume, etc. were determined in a time and cost effective method . The charac-
teristic of the landslide specifying all the features listed above is in Appendix A.
One of the most important inferences of this study is that submarine landslides in
the GOM take place in slopes of 11.5 ◦ or lesser. Another conclusion drawn from
the study is the that slope of landslides having bigger runout length was small and
the slope of landslides having smaller runout length was big. These conclusions also
show that the landslides taking place here are primarily triggered by the seismic
activity than by the instability of the slopes. In addition to this, another study by
ten Brink (2009) showed the presence of three more submarine landslides namely
the East Breaks, The Mississippi Canyon and the Florida Escarpment as shown by
Figure 1.1. The Mississippi Canyon landslide is considered to be the largest and the
latest and is dated to be 7,500 to 11,000 years. As the Mississippi river continues to
discharge sediments into the GOM, there is a possibility of recurrence of such sub-
marines landslides due to slope failure caused by the overburden of these sediments.
Table 2.1 shows the details of all the submarine landslides that occurred in the GOM
including the various parameters used to characterize the landslides and Figure 2.3
shows the isobath in the GOM and it also illustrates the location and the size of the
historical submarine landslides in the GOM. From the Figure 2.3 it is evident that
the landslides occur at the shelf break where there is a gradient of depth.
2.2 Selecting Transects in the GOM
The probability analysis in the GOM is carried out along specified transects in
the GOM.These transects are chosen such that they lie across the location for which
bore hole data are available, making it easier to select soil properties across the
7
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Figure 2.3: Bathymetry of GOM with the historical submarine landslides. The green
circles indicate the size of the landslide in km3
transects. The criterion for transects’ direction is that, they should lie perpendicular
to the bathymetry contours as a landslide follows the shorter downslope path. The
transects are identified on Figure 2.4 as ‘A’,’B’,’C’ and ‘D’. Once the transects are
selected the bathymetry profile along the transect is obtained. The Figure 2.5 gives
the bathymetric profile at each of the transects. From the Figure 2.5 we observe that
the slopes along each of these transects is very gentle ranging from 1.55◦ to 1.56◦
2.3 Probabilistic Model and Monte Carlo Simulation
Probability in general is defined as the numerical measure of the likelihood of
occurrence of an event by incorporating the exhaustive set of all possible alternative
9
Figure 2.4: The map of Gulf of Mexico showing four transects A, B, C and D.
Figure 2.5: Plot of the bathymetric profile along transects A,B,C and D
10
events. Hence the first step in creating a probabilistic model is to identify the event of
interest and assign the set of all probabilities for the event. Monte Carlo Simulation
(MCS) is a tool that helps to model problems that have certain level of uncertainty.
The first step of the MCS for the GOM is to identify landslide parameters for a
tsunami-genic event (example length, depth and thickness) from the known sources
and find the distribution they follow within the domain (GOM). Then, random
variables are generated for these parameters so that they follow their respective
distribution over this domain. The randomly generated parameters are used for
deterministic computations of stability analysis and tsunami wave height. Since the
parameters are randomly generated each time the model generates slightly different
values. Hence this process is repeated a number until a considerable number of
landslide -tsunami events are obtained .
Results are examined and valuated to match the distribution of the random pa-
rameters. The parameters that are examined in the GOM basin for the translational
slope failure are the water depth (d) at which scarp is located, the length of landslide
(l) and the thickness of the landslide (T). Table 2.2 gives the details of the parame-
ters that are used for generating the random variable in the MCS. Random variables
are limited within the maximum and minimum of the observed values.
Table 2.2: Distribution of parameters in the GOM
SI No. Parameter Unit Distribution µ σ Max. Min.
1 Depth (d) m Normal 1559.76 735.642 121 2399
2 Length (l) km Lognormal 3.14 1.337 3 167
3 Thickness (T) m Lognormal 4.7788 0.63 48.3 315
According to the observed values in the GOM ( McAdoo (2000) and ten Brink
11
Figure 2.6: Probability of observed water depth of landslide having a normal distri-
bution
(2009)) the water depth (d) at which the landslide occurs follows a normal distribu-
tion as shown in the Figure 2.6. The randomly generated values of d are based on
the mean (µ) and the standard deviation (σ) which are the statistical parameters
of the normal distribution of the observed data. The depth is randomly generated
using the ’normrnd’ function in MATLAB as follows:
d = normrnd(µd, σd)
The thickness and length of observed values of landslide in the GOM follow a
lognormal distribution as shown in the Figure 2.7 and 2.8. The statistical parameters
µ and σ of a lognormal distribution is defined by the following equations.
µ = log
(
m2/
√
(v +m2)
)
(2.1)
σ =
√
log (v/m2 + 1) (2.2)
12
Figure 2.7: Probability of observed thickness of landslide having lognormal distribu-
tion
Figure 2.8: Probability of observed length of landslide having lognormal distribution
13
where m and v are the mean and variance of the observed values of T and l. The
thickness and length of the landslide is randomly generated using the MATLAB
’lognrnd’ function as follows:
T = logrnd(µT , σT )
l = logrnd(µl, σl)
The generated parameters d, l and T are used to calculate the slope, area, width
and initial amplitude of the wave. But since the parameters are randomly generated
each time the model generates different value of data each time.Therefore, a large
number of runs are needed for convergence and consistent results. According to
Nowak and Collins, (2000) the convergence of a MCS model can be determined
using,
Pmax =
1
(NCoV 2) + 1
(2.3)
where N is the number of simulations,Cov is the coefficient of variation for the study
and Pmax is the maximum probability of exceedance that can be predicted by the
model.
In this study, the probabilistic model is used to estimate a probability of ex-
ceedance of 0.0001 (or a return period of 10,000 years) with a maximum coefficient
of variation to be 10%. Hence the number of simulations to be carried out for each
transect will be 999, 900, which can be rounded off to 1, 000, 000 trials on each tran-
sect.
2.4 Sediment Analysis
In the GOM there are publicly available borelog data recorded and generated by
several sources and agencies like Integrated Ocean Drilling Program(IDOP), Ocean
Drilling Program (ODP ) (dated from 1984-1989)and Deep Sea Drilling Project
(DSDP) (dated from 1968-1983), which are distributed at various locations in the
14
Gulf as shown in the Figure 2.9. The data which are used in this study and the
format in which they are available are as given in Table 2.3 as follows :
Table 2.3: Soil Borelog data
Source Site Transect Format
Integrated Ocean Drilling Program - Leg308, Site1319A&1320A A Digital
(IODP) Leg308, Site1322B&1324B C Digital
Ocean Drilling Program - (ODP) Leg100, Site625B D Not Digital
Deep Sea Drilling Project -(DSDP) Leg96, Site619 B Not Digital*
* Bulk density data has been digitized
The location of these boreholes with the detailed soil characteristics is given in
Appendix B.
The IDOP Leg 308 site 1319A and 1320 are used to depict the soil characteristics
at transect A. From Figure 2.10 both the borelog portray similar characteristics of
the soil. Most of the data are categorized as fine grained, cohesive material, under
undrained loading condition.
Based on the lithology of DSDP Leg96, Site619 at transect B shown in Figure 2.11,
most characteristic type of soil found is clay or mud, that is fine grained, cohesive
and under undrained loading condition. Transect C is also represented by 2 bore
hole data IDOP Leg308, Site1322B and 1324B as shown in Figure 2.12. Both the
bores have similar characteristics for soil properties. From the Figure 2.12, it can be
concluded that the soil at transect C is fine grained, cohesive and under undrained
loading condition. For transect D (Figure 2.12) based on the classification of soil on
lithology it is found to mainly have mud and silt or clay.
The inferences drawn based on the borehole data presented, shows that the sed-
iments in the GOM are largely comprised of clay or mud which are mostly cohesive.
15
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2.5 Seismic Hazard Map
The US Geological Survey (USGS) published the National Seismic Hazard Map
in 2008 that compile all the earthquake Peak Horizontal Acceleration for various
probability levels across the United States Mar.D Peterson et al., (2008). The Seis-
mic Hazard Map of the GOM is included in the database. Each point in the hazard
map represents the probability of exceedance corresponding to nineteen intensities
of horizontal acceleration. The Figure 2.14 the Peak Horizontal Acceleration (PHA)
expressed as a percentage of acceleration due to gravity (g) for the GOM that cor-
respond to the 2% in 50 year probability of exceedance. The reciprocal of the prob-
ability of exceedance gives the return period. Notice that the Figure 2.14 the inset
graph represents the plot of the probability of exceedance to the log of acceleration
at the location (28.25N, 89.2W). In the slope stability analysis the PHA value is
incremented for various annual rate of exceedance or return period (like 50, 100, 150,
.....10,000) at the location of the landslides, and the probability of exceedance at
when the slope fails is taken as the point at which seismic activity can be triggered.
2.6 Translational Slope Failure
Submarine landslides are classified into two namely the translational and rota-
tional landslides, Locat and Lee,(2002). Translational landslides are the most com-
mon events in the GOM. Most of them occurs on very mild slopes and shallow depth,
whereas the rotational landslides occur on concave surfaces of failure when overbur-
den forces overcome the resistive forces. 80% of all submarine landslides that took
place in the GOM are caused due to translational slope failure. As stated earlier, in
the GOM the failure of submarine landslides are assumed to be triggered by earth-
quakes, hence the instability analysis will include a component PHA of the seismic
activity. Since there is a dynamic component contributed by the PHA of earthquake
21
Figure 2.14: GOM Peak Horizontal Acceleration for probability of exceedance of
2% in 50 years.The inset graph shows the hazard curve at location 28.25N, 89.2W
which shows the probability of exceedance for 19 values of acceleration expressed as
a percentage of g
we use a quasi-static method for analysis of stability of translational landslides. If
we consider a translational slope as given below in Figure 2.15, Grill et al. (2009), a
slope failure will occur when the sum of all driving force is greater than the sum of
all resistive force. Hence when the factor of safety (FS), which is the ratio of the sum
of all resistive forces to the sum of all driving force, is less than unity, a slope failure
will occur. For a translational slope failure the FS is calculated using the equation,
FS =
c′ + σ′ tan Φ
τd
, (2.4)
22
Figure 2.15: The components of force involved in translational slope failure, Grilli
(2009)
where c′ is the effective cohesion of the sediment, Φ is the effective angle of internal
friction,σ′ is the effective normal stress, τd is the shear stress and . The normal stress
(σ′) and the shear stress (τd) are obtained by computing the normal force (N) and
the shear force (S) per unit area of a failure plane of unit width respectively. The
expression for N and S is obtained as follows:
N = W ′ cos β − kW sin β (2.5)
S = W ′ sin β + kW cos β (2.6)
where W is the total weight of the landslide per unit width ;hence W = ρsglT , W
′
is the buoyant weight of landslide; hence W ′ = (ρs−ρw)glT , ρs is the bulk density of
the soil, ρw is the density of water and k is the seismic coefficient defined as PHA/g.
Since the sediments along the transects A, B, C, D are clayey soil the angle of
internal friction(φ) can be considered equal to zero. As the effective cohesion of
the soil is equal to the undrained shear strength (Su) in the case of clayey soil, the
23
equation for the factor of safety is obtained as
FS =
Su
(ρs − ρw)gT sin β + kρsT cos β . (2.7)
The geometric parameters like landslide thickness(T ) and length (l) are randomly
generated using the MCS. As stated earlier, the stability of the slope along any
transect is is tested for ascending values of k for different return period until FS is
less than one. The return period, at which the FS is less than one, is used later for
the calculation of probability of exceedance of PHA.
2.7 Slope Angle and Slide Area
The slope of the landslide is obtained at the randomly generated location on the
transect profile. When a randomly generated water depth(d) and l of the landslide
is obtained by MCS, the parameters d1, l1, d2 and l2 can be determined as shown in
Figure 2.16. The slope at the transect β is calculated as
β = arctan
(
d2 − d1
l2 − l1
)
(2.8)
When the slope of the landslide is found, the slide area can be determined from
the empirical relationship between the slope angle and the slide area obtained from
the observed data of landslides in the GOM, see Figure 2.17 . The Figure 2.17 shows
the relationship between the translational and the rotational or blocky slides with
the slope angle for the observed data and an empirical relation is obtained by fitting
a line to the relation. Therefore, the empirical relation between the area and the
24
Figure 2.16: Upper panel: Location of the landslide along transect. Lower Panel:
Location of the zoom up showing slope parameters
25
slope angle of a translational landslide is given by,
A =
(
7.094− β
1.358
)5.462
(2.9)
where A is the area of the landslide in km2 and β is the angle of the slope in
degrees. Notice on Figure 2.17, there are no values of slope angle less than 10 km2.
Figure 2.17: Empirical relationship between slope angle and slide area obtained
from observed data. Fitting line for translation landslides (dashed-red), rotational
and blocky landslides (dashed-blue), combined translation and rotational or blocky
landslides (dashed-black).
Hence, it is assumed, that for any value of angle that is less than 5.024 ◦ the area is
10 km2.
2.8 Width of the Submarine Landslide
The width of the submarine landslides along the transects cannot be determined
from the MCS as it varies depending on the distribution of sediments and will be
26
distinct for each site. Hence, it is also empirically determined using the observed
data ten Brink (2009), McAdoo (2000). When the area of the landslide is obtained
as mentioned in the previous section, the width of the landslide is also determined
empirically obtained by fitting the observed values of area and width of the existing
landslides as shown in Figure 2.18. For any value of area from 1 − 10000 km2 the
width of the landslide is given by the equation,
W = 2.32 (logA)1.85 (2.10)
where W is the width of the landslide in km and A is the area of the landslide in
km2 determined empirically from equation of area calculated earlier.
Figure 2.18: Graph showing the empirical relation between slide area and width of
the landslide
27
2.9 Landslide Initial Tsunami
For every submarine landslide that occurs, a wave amplitude is generated. The
initial amplitude of the wave generated is one of the most important characteristics
for defining a tsunami wave. The determination of landslide initial tsunami wave
for the GOM is based on the research result of landslide tsunami production in a
3-D Numerical Wave Tank by solving fully Non-linear potential flow equations for
submarine landslides, Grilli et al., (2002). The equation of initial tsunami amplitude
caused by translational landslide is determined at the center of the landslide and is
given by the given the semi-empirical relation
ηo = So(0.0574− 0.0431 sin β)(T
l
)(
lsinβ
d
)1.25(1− e−2.2(s−1))( w
w + λo
) (2.11)
where, ηo is the initial amplitude depression of the wave generated due to submarine
landslides, d is the water depth at the center of the landslide, w is the width of
landslide, l is the length of landslide, t is the thickness of landslide, β is the slope of
landslide, So is the characteristic distance of motion λo is the wavelength of tsunami
wave.
The characteristic distance of motion and wavelength of the tsunami wave is given
as follows:
So =
pi
2
l(s+ 1) (2.12)
λo =
√√√√ pild(s+ 1)2
2sinβ(s− 1) . (2.13)
All the ηo generated will not be responsible for causing a tsunami, hence the landslides
that give rise to very small ηo should be eliminated. Therfore, a threshold value
for the amplitude parameter is defined such that, all the values of ηo below the
28
threshold will be eliminated and the remaining values ηo thus obtained should follow
a lognormal distribution.
2.10 Estimation of Return Period
The return period of the tsunami-genic submarine landslide is obtained as follows
by the equation given, after removing all results where the initial wave amplitude is
lesser than the threshold value,
PF =
n
N
(2.14)
PSL = PPHAPF , (2.15)
where PF is the ratio of the number of tsunami-genic slope failures ’n’ to the total
number of trials across the transects N, PSL is the joint probability of exceedance
of the tsunami-genic submarine landslide as a result of seismic activity, PPHA is the
reciprocal of the PHA return period at which the tsunami-genic failure occurs, .
The reciprocal of PSL will give the return period of the tsunami-genic submarine
landslide. The PSL result will define the characteristic of the landslide related to the
probability of exceedance to identify the large events for tsunami-genic landslides.
29
3. METHODOLOGY
The methodology used here is partly conceived based on the MCS model de-
veloped by Grilli et al., (2002), for the Upper East Coast of the United States. A
flowchart of the probabilistic model used in this study is as shown in Figure 3.1.
The most important input required for the probabilistic model is the statistical
distribution of the observed submarine landslides, the soil data along transect, and
the PHA for the seismic activity taking place in the GOM. The first step in the
generation of the probabilistic model is the selection of transects A, B, C and D
located strategically at the continental shelf in the GOM. The slopes at these tran-
sects are obtained as mentioned in section 2.2 and the parameters depth(d), length
(l) and thickness (T) for each the transects are determined individually by randomly
generating them based on the distribution of the observed parameters as explained
in section 2.3. When the random variable are generated they are checked to see if
they fall within the limits of the existing landslides so that the output parameters
are constrained within the limits of the observed data. When the length, depth
and thickness of the landslide are obtained, the slope of the landslide is calculated
using the Equation 2.8 and the area of the landslide is determined based on the
Equation 2.9. The width of the landslide is found from the fitting Equation 2.10
which gives the relation of area and width. The thickness to the length ratio (T/l)
is determined to see if they comply with the limits of the observed values (0.0003 -
0.07). In the process of generating any of the parameters (T , l, d and T/l ) are not
satisfied, the process is repeated.
The next step in the model is the determination of the stability of the slope using
the Equation 2.7. The bulk density and shear strength data are obtained from the
30
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curve fitting equations determined from Appendix B depending upon the thickness
of the landslide as shown in Figure 3.2 for the transect being analyzed. The slope
stability analysis is carried out and if the factor of safety is less than one a landslide
will occur. The slope stability analysis is carried out by determining the factor of
safety (Equation 2.7). If the factor of safety is less than unity the landslide occurs,
the initial tsunami amplitude is calculated. These steps are repeated 1000,000 times
for each transect as explained in section 2.3 by Equation 2.3 to assure convergence.
Figure 3.2: Locations at which bulk density and undrained shear strength are deter-
mined.
32
A threshold is imposed to limit the initial tsunami amplitude by using the best
fit curve for the lognormal distribution. The threshold initial tsunami amplitude was
obtained by comparing the cumulative distributive function with different threshold
amplitude and verifying by trial and error the best fit with the lognormal distribution.
The best fit correspond to the threshold of 0.02m as shown in Figure 3.3 which
surprisingly is consistent with the results obtained from Grilli (2009). Figure 3.3 is an
example of the cumulative frequency distribution of the initial tsunami amplitude for
different threshold amplitude at transect C. The return period of the tsunami-genic
landslide is obtained by determining the joint probability by using the Equation 2.15.
All the results having a return period of more than 10,000 years are removed because
according to the Equation 2.3 the probabilistic model is designed for a return period
of 10,000 years for a maximum coefficient of variation 10%.
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4. RESULTS
From the probabilistic model, the landslides that occur on each transect is de-
termined along with their location, geometric parameters (l,d and T ), slope, area,
volume, initial amplitude of the wave generated by them and the return period at
which they take place.
The most important result of the probabilistic model is the relationship between
the return period of the tsunami-genic submarine landslide and the initial amplitude
of the wave generated as a result of the submarine landslide. The results obtained
are from 1000 to 1,000,000 years of period of recurrence. However, in our study
we limited our results only up to 10,000 years of period of recurrence because the
probability of occurrence of a tsunami-genic landslide beyond 10,000 years is very
less. Figure 4.1 and 4.2 shows the relationship between the initial tsunami amplitude
and the return period. The red dots in the Figure 4.1 represent the wave amplitude
corresponding to maximum driving force for each return period on transect C and in
the Figure 4.2 represent the wave amplitude corresponding to maximum amplitude
for each return period. The result also emphasizes the fact that the maximum wave
amplitude at each return period does not necessarily correspond to the maximum
driving force which is a function of the mass. The relation of the inverse of depth
that corresponds to the various return periods in Figure 4.2 clearly indicates that
landslide in shallow water are more efficient in generating tsunamis.
35
Figure 4.1: Initial wave amplitude generated by submarine landslide for different
return period. Red dots represent wave amplitude corresponding to the maximum
driving force.
36
Figure 4.2: Initial wave amplitude generated by submarine landslide for different
return period. Red dots represent wave amplitude corresponding to the maximum
amplitude
37
5. VALIDATION
The validation of the probabilistic model depends upon the distribution of the
parameters. Any error in the distribution will give unrealistic results. Hence, in
this section a number of comparative studies between the observed data and the
simulated values of the probabilistic method are performed to validate the model.
5.1 Comparison of the distribution of input and output parameters
The Monte Carlo Simulation Model generates a large number of submarine land-
slides with randomized parameters (like depth, location, runout length, headscarp
height, width, slope, etc.) capable of producing tsunamis. Parameter values are
validated to verify if their distribution follow the same distribution from observed
landslide parameters. Figures 5.1, 5.2 and 5.3 show the distribution of the runout
length (l), depth (d) and thickness (T ) of the submarine landslides generated by the
probabilistic model. The Chi-square test for the goodness-of-fit for these parameters
showed a 95% confidence on their respective distribution.
5.2 Relation between landslide Volume and Area
Power law relationship between the landslide area and volume of observed and
simulated parameters show consistent result as shown in Figure 5.4
5.3 Relation between landslide Volume and cumulative number of landslide failures
Comparing the slope for the relationship between landslide volume and cumu-
lative number of landslide failures for both the observed and the generated data as
shown in Figure 5.5, it is found that the slope is consistent with result obtained by
ten Brink (2006) of 0.64.
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Figure 5.1: Probability plot of lognormal distribution of the landslide length gener-
ated by the model
Figure 5.2: Probability plot of normal distribution of the water depth at which the
landslide occurs generated by the model
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Figure 5.3: Probability plot of lognormal distribution of the landslide scarp height
generated by the model
Figure 5.4: Relationship between the landslide area and volume of the observed data
(left panel) and generated data by the probabilistic model (right panel)
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Figure 5.5: Comparison of slopes for the relationship between landslide volume and
cumulative number of landslide failures of both, observed (left panel) and generated
data (right panel)
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6. CONCLUSION
A probabilistic model using MCS methodology has been developed to identify
the submarine landslide sources and its parameters like location, depth of occurence,
thickness, slope, width, area, volume, amplitude of the initial wave generated and
the probability of exceedence of each landslide that may occur in the GOM along
the specified transects. The results obtained from the probabilistic model have been
verified and the parameters generated follow the same distribution as the observed
parameters of landslide. Looking at the results of the initial amplitude of the wave
generated, it is seen that they increase with the increase in return period of the
tsunamigenic wave. Large scale tsunami waves occurs at shallower depth. Large
values of driving force of the landslide (proportional to the mass of the landslide) do
not always give large tsunami amplitude.
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7. FUTURE WORK
The study can be further improved by increasing the number of transects work
is so that there is a better coverage of the GOM and thus a better picture of the
tsunami inundation caused in the GOM can be studied. More precise values of the soil
characteristics like angle of internal friction (φ) and coefficient of cohesion (c) will help
in solving the slope stability analysis, at the transects with more accuracy. The model
can be improved to study about the submarine landslides and their corresponding
waves that are generated due to rotational slope failures, that account for 21% of
the landslides that occurred in the GOM.
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APPENDIX A
Figure A.1: Morphology of a Submarine Landslide
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APPENDIX B
Figure B.1: Soil characteristics at Leg 308, Site 1319A
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Figure B.2: Soil characteristics at Leg 308, Site 1320A
Figure B.3: Soil characteristics at Leg 96, Site 619
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Figure B.4: Soil characteristics at Leg 308, Site 1322B
Figure B.5: Soil characteristics at Leg 308, Site 1324B
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Figure B.6: Soil characteristics at Leg 100, Site 625B
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Figure B.7: Curve fit for Bulk Density and Undrained Shear Strength at Transect A,
B, C and D
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